
Akinetes May Be Representative of Past
Nostocalean Blooms: a Case Study of
Their Benthic Spatiotemporal Distribution
and Potential for Germination in a
Eutrophic Lake

Benjamin Legrand,a,b,c Anne-Hélène Le Jeune,a,b Jonathan Colombet,a,b

Antoine Thouvenot,c Delphine Latoura,b

Université Clermont Auvergne, Laboratoire Microorganismes: Génome et Environnement, BP 10448,
Clermont-Ferrand, Francea; CNRS, UMR 6023, Laboratoire Microorganismes: Génome et Environnement, BP
80026, Aubière, Franceb; ATHOS Environnement, Clermont-Ferrand, Francec

ABSTRACT Monitoring of water and surface sediment in a French eutrophic lake
(Lake Aydat) was carried out over a 2-year period in order to determine whether aki-
netes in sediment could be representative of the most recent bloom and to esti-
mate their germination potential. Sediment analysis revealed two akinete species,
Dolichospermum macrosporum and Dolichospermum flos-aquae, present in the same
proportions as observed for the pelagic populations. Moreover, similar spatial pat-
terns observed for vegetative cells in the water column and akinete distributions in
the sediment suggest that akinetes in the sediment may be representative of the
previous bloom. However, the relationship between akinetes in the sediment and
vegetative cells in the water column was not linear, and other factors may interfere.
For example, our results highlighted horizontal transport of akinetes during the win-
ter. The benthic overwinter phase did not seem to influence the percentages of in-
tact akinetes, which remained stable at approximately 7% and 60% for D. macrospo-
rum and D. flos-aquae, respectively. These percentages may thus be the result of
processes that occurred in the water column. The intact overwintering akinetes
showed germination rates of up to 90% after 72 h for D. flos-aquae or 144 h for D.
macrosporum. The difference in akinete germination rates between these two spe-
cies demonstrates different ecological strategies, which serve to expand the window
for germination in time and space and thus optimize colonization of the water col-
umn by nostocalean cyanobacteria.

IMPORTANCE Cyanobacteria have the ability to proliferate and to form blooms.
These blooms can then affect the local ecology, health, and economy. The akinete, a
resistant cell type that persists in sediment, is an important intermediate phase be-
tween previous and future blooms. We monitored the water column and the surface
sediment of a French eutrophic lake (Lake Aydat) to investigate the relationship be-
tween vegetative cells in the water column and akinetes in the sediment. This study
focused on the characterization of spatiotemporal akinete distributions, cellular in-
tegrity, and germination potential. Species-specific ecological strategies were high-
lighted and may partly explain the temporal succession of species in the water col-
umn. Akinetes may also be used to understand past nostocalean blooms and to
predict future ones.
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Over the past decades, the recurrent degradation of freshwater systems due to
anthropization has led to a rocketing number of cyanobacterial proliferations (1).

Key to the ecological success of cyanobacteria in temperate zones is their ability to
overcome unfavorable conditions in the benthic compartment (2). Cyanobacterial
orders use different strategies to persist in sediments. For example, Nostocales can
produce akinetes, specialized resting cells that are able to survive when environmental
conditions are unfavorable for vegetative cells (3). These unfavorable conditions are
generally seasonal and occur at the end of the summer or during the autumn, due to
factors such as decreases in the photoperiod or light intensity (4) or the temperature
(5). Induction of akinete formation can also be triggered by other factors, such as
depletion of phosphorus (6) or potassium (7). The high resistance of akinetes means
that they are able to survive in sediment for several decades (8, 9). As a result, some
studies have used akinetes as indicators of former cyanobacterial blooms (10, 11).
However, no clear relationship between the abundance of past vegetative cells in the
water column and akinetes present in sediments has yet been demonstrated. Moreover,
although the general factors triggering akinete induction are known, more precise
details concerning the specific levels remain unknown, i.e., whether the production of
akinetes is the same for all species under environmental conditions. In addition, it is not
known whether this production of akinetes is stable over time for each species and thus
whether akinetes in the sediment can be considered good indicators of past cyano-
bacterial blooms. In the spring and/or when environmental conditions become favor-
able again, akinetes germinate into young filaments, called hormogonia, and colonize
the water column to initiate the next proliferation (12). Like akinete formation, the
germination process is understood in a general way but not sufficiently to estimate the
contribution of germinating akinetes to the next cyanobacterial proliferation. Indeed,
because the growth requirements for Nostocales species differ, the potential for akinete
germination should depend on specific factors, which need to be investigated more
thoroughly.

In this context, our first aim was to determine whether akinetes present in surface
sediment are representative of the most recent bloom. Our second aim was to
investigate the distribution of benthic akinetes and their viability dynamics during the
winter. Finally, our last aim was to estimate the specific germination potential of two
akinete species in the spring. We carried out fieldwork in the French eutrophic Lake
Aydat, monitoring the water column and sediment for bloom-forming and non-bloom-
forming species (Dolichospermum macrosporum and Dolichospermum flos-aquae, re-
spectively) over a 2-year period (Fig. 1). We also investigated the global distribution of
akinetes in the surface sediment, based on the number of intact akinetes present, and
lastly focused on akinete germination in order to estimate the real pool of viable
akinetes.

RESULTS
Vegetative cells and akinete dynamics. Dolichospermum macrosporum was the

dominant cyanobacterial species observed (Fig. 2), whereas D. flos-aquae was occa-
sionally observed in small quantities during the 2-year study period (data not shown).
In 2014, at the three locations studied, the abundance of D. macrosporum vegetative
cells started to increase at the beginning of September, showed a maximum in
mid-October, and then declined progressively until November (Fig. 3A). During this
period, the maximum abundances were similar for the P1 and P2 stations, where values
reached 1.96 � 106 and 1.56 � 106 vegetative cells · liter�1, respectively, and higher for
the P3 station, with a value of 4.06 � 106 vegetative cells · liter�1. The akinete
abundance followed the same dynamics, slightly offset in time, with a start at the end
of September. The maximum abundance of akinetes at the three points was observed
on the same date as the maximum abundance of vegetative cells. Maximum concen-
trations of akinetes reached 5.19 � 104 and 6.22 � 104 cells · liter�1 for P1 and P2,
respectively. Once again, the maximum value was observed at P3, i.e., 10.50 � 104 cells ·
liter�1 (Fig. 3A). The total numbers of vegetative cells showed significant differences
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among the stations and appeared significantly smaller for P1 than for P2 and P3 (Fig.
4A). Interestingly, the total numbers of akinetes in the sediment showed the same
trend, with P1 values being less than P2 values, which were less than those for P3. The
proportions of akinetes versus vegetative cells in the water column were 1.8/100 to

FIG 1 Bathymetric map of Lake Aydat, showing sampling station locations. The base bathymetric map was created
using Surfer (version 7.02).

FIG 2 Photomicrographs, in natural light, of both vegetative cells and akinetes (a) of D. macrosporum (A and B) and D. flos-aquae (C to E).
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2/100 during the bloom event (Fig. 4). In 2015, the total abundance of vegetative cells
was very low and represented only 3% of the 2014 bloom. The kinetics of vegetative
cells were also different, with two peaks, on 28 September 2015 and 30 October 2015
(Fig. 3B). The second peak was higher, with maximal densities between 3.51 � 104 and
5.09 � 104 cells · liter�1. In terms of akinete concentrations, the maximal abundances
were reached on 30 October 2015 at all stations, with higher values being obtained for
P1 (1.08 � 104 cells · liter�1)and P3 (1.07 � 104 cells · liter�1) and a lower value for P2
(3.51 � 103 cells · liter�1). The total numbers of both akinete and vegetative cells
followed the same trend, with higher values being observed at P3 than at P2 (Fig. 4B).
The proportions of akinetes versus vegetative cells in the water column in 2015 stayed
relatively low and were in the same range as observed in 2014, with values of 5.6/100,
9.6/100, and 11.1/100 for P2, P3, and P1, respectively.

Spatiotemporal distributions of akinetes in sediment. The two species (D. ma-
crosporum and D. flos-aquae) that were present in the water column were also present
in sediment (Fig. 5). It was found that akinete abundances in sediment for the three
studied dates were markedly different for the two species, with D. macrosporum being
more abundant, as was also the case for the water column. Moreover, relative akinete
abundances showed the same trends as for the water column; D. macrosporum was
more abundant in 2014 than in 2015, with values of 40,000 to 705,000 and 2,600 to
221,000 akinetes · g (dried weight) of sediment, respectively (Fig. 5A). Thus, the overall
akinete abundance of D. macrosporum in sediment in 2015 represented only 36% of
that in 2014. This trend was even more marked for D. flos-aquae, with an abundance
of akinetes present in sediment in 2014 (150 to 36,400 akinetes · g [dried weight] of
sediment) 4 times higher than that in 2015 (0 to 4,150 akinetes · g [dried weight] of
sediment) (Fig. 5B).

FIG 3 Temporal variations in D. macrosporum vegetative cells and akinetes from the 2014 (A) and 2015 (B) blooms for each studied location.
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The akinete distribution also varied with the season when sampling took place. For
both Dolichospermum species, the numbers of benthic akinetes in deep areas were
higher in spring than in winter (Student’s t test, P � 0.003) (see Table S1 in the
supplemental material). In contrast, the numbers of akinetes present at littoral sites
were always smaller in spring than in winter (Student’s t test, P � 0.03) (Table S1).

Furthermore, akinete concentrations were always significantly higher in deep areas
than in littoral areas, for all studied species and every sampling date (Student’s t test,
P � 0.001) (Fig. 5; also see Table S1). For example, the numbers of D. flos-aquae akinetes
in December 2014 were approximatively 4 times higher in deep areas than in littoral
ones.

Akinete physiological states in sediment. The percentage of intact akinetes in
Lake Aydat sediments may depend on the Dolichospermum species (multivariate
analysis of variance [MANOVA], P � 1.74 � 10�9) (Fig. 6). Indeed, the percentages
of intact akinetes for D. macrosporum were between 1% � 1% and 6.8% � 2.4%,
whereas the percentages for D. flos-aquae were significantly higher, fluctuating
between 18.6% � 6.3% and 63.9% � 14.6%. For each species, there were no
significant differences in the percentages of intact akinetes based on area and sampling
date (Tukey’s test, P � 0.05) except for December 2015, when the values for littoral
areas were statistically lower than the others.

FIG 4 Estimated numbers of Dolichospermum macrosporum vegetative cells and akinetes in the water column and akinetes in
sediment in 2014 (A) and 2015 (B). Lowercase letters represent statistical differences between each analyzed condition.
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Akinete germination. Different states of akinetes were observed and considered
(Fig. 7), including (i) intact akinetes (Fig. 7A), (ii) germinating akinetes, which appeared
to be divided into several cells (Fig. 7B and C), and (iii) young filaments (hormogonia)
(Fig. 7D and E), where the number of cells exceeded 8 cells.

FIG 5 Spatial distributions of akinetes in Lake Aydat sediment in December 2014, April 2015, and December 2015 for D. macrosporum (A) and D. flos-aquae (B).

FIG 6 Percentages of intact akinetes in Lake Aydat sediment according to the species, the area (pelagic
versus littoral zones), and the sampling period. Lowercase letters represent statistical differences between
each analyzed condition.

Legrand et al. Applied and Environmental Microbiology

December 2017 Volume 83 Issue 23 e01571-17 aem.asm.org 6

http://aem.asm.org


(i) In situ akinete germination. The percentages of germinating akinetes were
dependent on the species and the sampling location (two-way analysis of variance
[ANOVA], P � 0.001). Indeed, the percentages of germinating akinetes in Lake Aydat
sediment were 5% � 3% in deep areas and 30% � 7.5% in littoral areas for D.
macrosporum (Fig. 8). For D. flos-aquae, results were more homogeneous, with 8.9%
germinated akinetes in deep zones and 7.5% in littoral areas. D. macrosporum had a
significantly higher rate of germinating akinetes in littoral areas than under other
conditions (P � 0.00017).

(ii) Akinete germination experiments. The experimental patterns were similar
overall for the two species; at the beginning, the percentages of intact akinetes were
high, between 80% and 92% for D. macrosporum (Fig. 9A) and between 82% and 100%
for D. flos-aquae (Fig. 9B), and then they decreased to reach values close to 0% at 144
h for D. macrosporum and at 72 h for D. flos-aquae. In contrast, the percentages of

FIG 7 Photomicrographs, in natural light, of D. macrosporum akinete germination, from intact akinete (top left) to hormogonia (young filament) (bottom right).

FIG 8 Percentages of germinated akinetes in Lake Aydat sediment in April 2015 according to the species
and the lake zone (pelagic versus littoral zones). Lowercase letters represent statistical differences
between each analyzed condition.
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filaments formed were almost 0 at the beginning of the experiments and more than
80% at the end of the experiments, except for D. flos-aquae akinetes from P2 (60%). At
48 h, the percentages of young filaments of D. macrosporum varied from 17% to 27%,
depending on the sample location, whereas those for D. flos-aquae were 60% to 94%.
Temporal differences were also observed for germinating akinetes. A peak was clearly
visible at 48 h for D. macrosporum, with values ranging from 46% to 71%, whereas the
percentages of germinating akinetes for D. flos-aquae were only 7% to 23% at the same
time. The higher percentages of germinating akinetes for D. flos-aquae occurred earlier,
between 12 and 36 h, with values of 17% to 58%.

DISCUSSION
Are akinetes retrieved from the sediment good representatives of past

blooms? Akinete formation occurs in the water column and is triggered by conditions
that are unfavorable for the growth of vegetative cells (13–16). Despite the diversity of
factors known to potentially drive akinete production (temperature, light intensity, and
nutrient concentrations), our results showed stable proportions of planktonic akinetes
versus vegetative cells in the water column, with low mean values of 2% to 8.75%,
depending on the year. This difference in akinete production between the 2 years is
considered to be negligible, compared to the variation in total cyanobacterial biomass
between these 2 years. Because stress conditions were extremely different between the
bloom-forming year and the non-bloom-forming year (lower temperature, less daylight,

FIG 9 Percentages of akinete germination for D. macrosporum (A) and D flos-aquae (B).
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and earlier mixing conditions in 2015), we can assume that the abundance of akinetes
formed in the water column is proportional to the abundance of vegetative cells,
regardless of the environmental conditions. Based on this assumption, the abundance
of akinetes formed during a proliferation can facilitate estimation of the total abun-
dance of cyanobacterial cells in a past bloom event. Although akinetes are cells known
to be resistant to a wide range of stress factors (e.g., lack of light [17], temperature
variations [18], and desiccation [19]) and to be well conserved through time in sediment
(8, 9), the question of whether the abundance of akinetes found in the sediment can
be used as a good indicator of past proliferation remains (10, 11). At a qualitative level,
akinetes in sediment can be used to reveal the Nostocales diversity of the water column.
In Lake Aydat, the two cyanobacterial species found in the water column, D. macrospo-
rum and D. flos-aquae, were also observed in the sediment, despite a very low
planktonic abundance of D. flos-aquae. At a quantitative level, our results showed
identical patterns for the numbers of vegetative cells in the water column and the
akinete distributions in the sediment for the 2 years of this study. Therefore, as
expected, a bloom-forming year corresponds to a greater abundance of akinetes in the
surface sediment. However, we did not obtain similar proportions from year to year for
vegetative cells versus benthic akinetes, and thus the past abundance of vegetative
cells cannot be exactly calculated by using the number of benthic akinetes present in
the sediment. Nevertheless, benthic akinetes can indicate global trends regarding
bloom-forming versus non-bloom-forming years. This interannual variability is the
result of the balance between the number of akinetes reaching the sediment at the end
of the summer season and those leaving the sediment after germination and the
inoculation process (12). Therefore, even if the production of akinetes (according to
nostocalean biomass) in a water column is quite constant, the loss of akinetes through
the sedimentation and inoculation processes may be very different, depending on the
year and the biotic and abiotic stresses (such as temperature, light intensity, and
parasitism).

The benthic spatial distribution of akinetes and the sampling season must also be
taken into account to explain the variability of the benthic akinete and planktonic
vegetative cell proportions. Our results highlight a heterogeneous benthic distribution
of akinetes, showing great seasonal differences. This benthic distribution may be the
result of both planktonic distribution and benthic transport. It is commonly acknowl-
edged that wind can influence planktonic cyanobacterial distribution, creating areas of
accumulation (20), and the same applies to akinetes in surface sediments in Spanish
lakes (2); the authors showed that sediment close to a dam accumulated 11 times more
akinetes than did that in shallower upstream areas, due to the influence of river
currents. In Lake Aydat, akinete counts have shown greater concentrations in the
deeper parts of the lake, as well as at the lake outlet, in both deep and littoral zones.
The lake outlet hot spot in the sediment is probably due to the combination of two
phenomena induced by dominant winds and the Veyre river current, i.e., high levels of
accumulation of cyanobacteria in the water column and horizontal transport of benthic
akinetes from the littoral zone to the deep zone during the winter period. The natural
redistribution of fine particles (including cyanobacterial cells) from shallow areas to
deep areas has already been observed in other lakes (21, 22). This secondary sedimen-
tation can also be influenced by numerous parameters, such as wind, river flow,
sedimentary composition, and lake geomorphology (2, 23, 24). This phenomenon may
be amplified by the basaltic lava flow present along the northeastern edge of Lake
Aydat (25), where there is no persistent sedimentation. Thus, sampling from the
deepest part of the lake at the end of winter seems the best strategy to evaluate the
benthic stock of akinetes.

Benthic akinete viability. Few studies have highlighted that akinetes in sediment
can be divided into two categories, intact and nonintact (12, 19). The percentage of
intact Cylindrospermopsis raciborskii akinetes in sediments from the pelagic area of Lake
Melangsee (Germany) in winter was estimated to be 20% to 30% (12). In this study,
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intact akinetes from the sediment of Lake Aydat were approximately 7% and 65% for
D. macrosporum and D. flos-aquae, respectively. This high level of species-dependent
variability may be explained by species-specific sensitivity to abiotic factors in both the
water column and the sediment. Indeed, with the same abiotic factors, D. macrosporum
akinetes present a significantly lower survival rate than D. flos-aquae akinetes (19).
Furthermore, the impact of biotic factors can also be species specific. For example,
Bdellovibrio-like bacteria can affect Microcystis aeruginosa but leave Microcystis wesen-
bergii unaffected, suggesting strict host specificity (26). Viral lysis may also be linked to
host specificity. It was shown that an isolated cyanophage (Ma-LMM01) caused lysis of
only 1 of the 16 Microcystis aeruginosa genotypes tested (27). In Lake Aydat, D.
macrosporum akinetes were specifically affected by the chytrid Rhizosiphon akinetum
(28, 29). The high prevalence of species-specific infection of D. macrosporum akinetes
observed in the water column in 2014 and 2015 (30) may partly explain why the
number of intact akinetes was particularly low for this species.

The viability of akinetes can also be affected during overwintering, for example,
through bioturbation by invertebrates, which can reduce the pool of intact akinetes (31,
32). To a lesser extent, parasitism is also a factor in the sediment compartment (33).
However, the akinete integrity did not change between December 2014 and April 2015,
suggesting a 1-year scale on which the integrity of benthic akinetes was not affected
during overwintering. Therefore, we can assume that the proportion of intact akinetes
counted in the surface sediment during the winter is a valid reflection of what
happened in the water column and during the sedimentation process.

Akinete germination. Most studies of akinete germination focused on laboratory
strains that exhibit rates of germination close to 100% when culture conditions are
optimal (34–36). Some studies were also interested in the germination process of
akinetes from natural sediment, but apparently the rate of germination was rarely
calculated. A germination rate of approximately 70% for Anabaena ucrainica akinetes
isolated from Daimon-Ike (Japan) was highlighted previously (37). In our case, the rate
of D. flos-aquae akinete germination is of the same order of magnitude. In contrast, this
rate was very low for D. macrosporum, due to the presence of a large percentage of
akinetes lysed by species-specific parasitism; this seriously affects the size of akinete
inocula for the next few years. Considering only the fraction of intact akinetes, we
obtained very high rates of germination (up to 90%) for both species. This finding
indicates that the pool of intact akinetes corresponds to the pool of viable akinetes.
Even if almost all of the intact akinetes are able to germinate in the next few years, this
step in the life cycle also seems to follow a species-specific process. D. flos-aquae has
a response that is twice as fast as that of D. macrosporum under the same controlled
conditions. This finding suggests that akinete germination in the lake is not synchro-
nous for every species, allowing a shift in the time of water colonization. This may
indicate different strategies for water column colonization, to avoid competition be-
tween D. flos-aquae and D. macrosporum. The most important environmental param-
eters, independent of the cyanobacterial species, triggering akinete germination are
the internal nitrogen quota (3), sediment mixing (38), and increases in temperature (12,
37) and light intensity (39–43). These favorable environmental parameters for germi-
nation lead to the definition of more favorable areas for akinete germination. For
example, a study proposed the hypothesis that shallow sediments are more important
than pelagic sediments for the recruitment of Gloeotrichia echinulata in Lake Erken
(Sweden) (38). This idea was confirmed with Anabaena (i.e., Dolichospermum [44]) and
with the Aphanizomenon genus in Lake Limmaren (Sweden) (45). The higher rates of
germinating akinetes, at least for D. macrosporum, in littoral sediments than in pelagic
sediments may confirm the importance of shallow areas in Lake Aydat. However,
germinating akinetes of D. macrosporum and D. flos-aquae were also observed in deep
sediments (depths of �9 m) below the euphotic zone all year round (data not shown).
Thus, akinetes located in deep zones have to be integrated in the potential inoculum.
However, because favorable conditions for germination, especially temperature, are not
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uniform throughout the lake, akinete germination probably does not occur at the same
time, as governed by the lake bathymetry. We can infer that akinete germination in
lakes occurs first in littoral areas, where light is not a limiting factor and the water
temperature increases earlier in the year. The warm water then spreads progressively to
the deeper areas, inducing akinete germination. Akinetes located in deeper areas can
access light during sediment-mixing phases (3). These processes may extend the
germination window in time and space and thus optimize the colonization of the water
column.

Conclusions. This study provided an overview to determine whether akinetes in
sediments are representative of previous blooms and to improve the characterization
of germination potential. As shown for past microbial diversity (46, 47), sediments
represent an archive of past cyanobacterial blooms in the lake water column. Despite
all of the parameters involved in the annual dynamics of akinetes (sedimentation and
inoculation processes and benthic transport), we conclude that studying benthic
akinetes allows determination of past planktonic diversity and illustrates clear trends
regarding cyanobacterial abundances from the bloom event in the water column of the
previous year. We also showed that the potential inoculum for subsequent years is
composed of all intact akinetes whatever their location (i.e., deep versus littoral
sediments). Species-specific abilities regarding akinete integrity and germination sug-
gest different ecological strategies, leading to a complex process of water colonization.
Further studies need to be undertaken to characterize the long-term persistence of
akinetes in sediments, incorporating the notion of akinete integrity.

MATERIALS AND METHODS
Lake description and sampling strategy. Lake Aydat (45°39=48�N, 002°59=04�E) is located in the

French Massif Central region, 838 m above sea level. This dimictic natural dam lake was created by the
damming of the river Veyre by a basaltic flow about 7,500 years ago (48). It is a small eutrophic lake with
a maximum depth of 15 m, a surface area of 60 ha, and a large catchment area of 30,000 ha. It has
recurrent Dolichospermum blooms at the end of summer and the beginning of autumn (28).

Lake Aydat was sampled at least 1 time per week, depending on the cyanobacterial concentration,
from September to November during the 2014 and 2015 cyanobacterial blooms. Sampling was carried
out on the whole water column, with a phytoplankton net with 20-�m pores (Hydro-Bios, Altenholz,
Germany). Samples were collected from 0.5 m above the sediment to the surface water column,
corresponding to depths of 9.5, 15, and 10 m for the sampling points P1, P2, and P3, respectively (Fig.
1). Concentrated water for each sample was normalized to a final volume of 2 liters, and 160 ml of these
2 liters was then fixed with 10 ml of Lugol’s iodine solution (Sigma-Aldrich, St. Louis, MO, USA). Fixed
samples were kept in the dark at 4°C until further analysis.

After each cyanobacterial proliferation (December 2014 and December 2015) and before the cya-
nobacterial recruitment of 2015 (April), surface sediment sampling was carried out using a sediment
corer (UWITEC, Mondsee, Austria) (2, 12, 19). A total of 14 points were sampled, i.e., 8 in the pelagic area
(P1, P2, and P3 [which have already been sampled, in the water column] and P4, P5, P6, P7, and P8) and
6 in the littoral area (L1, L2, L3, L4, L5, and L6) (Fig. 1). Points in the pelagic area corresponded to depths
of 9 to 15 m, whereas the maximum depth for the littoral sediment was 3 m. Then, supernatant water
from each core was discarded, and the mobile surface sediment containing recent akinetes was pipetted
and kept at 4°C in the dark until analysis (19). This mobile surface sediment corresponds to the first 0.5
cm of sediment, in accordance with the annual rate of sedimentation in Lake Aydat (49, 50). Therefore,
in this study, deep sediment corresponds to surface sediment from pelagic areas and shallow sediment
corresponds to surface sediment from littoral areas.

Microscopic counts of cyanobacterial blooms. Cyanobacterial cell abundance was estimated using
0.25- to 10-ml (depending on the biomass) subsamples from the samples fixed with Lugol’s iodine,
settled for 24 h in counting chambers. Vegetative cells and akinetes were counted in at least 30 randomly
selected optical fields at a magnification of �200 with an inverted microscope (Axiovert 200 M; Zeiss,
Oberkochen, Germany), following the method of Utermöhl (51). Each sample was counted at least three
times. Species determination was performed by microscopic examination, based on morphological
criteria described in taxonomic keys known from reference books (52–54). The two species were
distinguished on the basis of the morphology of their trichomes and the form and size of their akinetes
(Fig. 2). D. macrosporum exhibits straight single trichomes and rounded akinetes, while D. flos-aquae has
coiled trichomes that form solitary or, more usually, entangled twisted masses, with cylindrical or slightly
ellipsoid and often slightly bent akinetes. The recurrence of D. macrosporum and D. flos-aquae in Lake
Aydat has been highlighted in numerous studies for decades (19, 28, 29, 55, 56).

Extraction of akinetes from sediment. Akinetes were extracted from sediments using a density
gradient protocol with Ludox, as described previously (19). Briefly, 3 ml of fresh sediment was diluted
with 7 ml of distilled water and 4 ml of Ludox TM-50 (Sigma-Aldrich). The solutions were sonicated for
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30 s (frequency, 50%; power, 80 W; Sonopuls; Bandelin, Berlin, Germany) and centrifuged at 10,000 � g
for 30 min. The first 6 ml was pipetted and kept in the dark at 4°C for further analysis.

Estimation of sediment akinete abundance. Species determination for akinetes was based on
morphological criteria (2, 10–12, 19, 28). This determination was completed by analyzing the morphology
of young filaments issued from germinating akinetes (see Fig. S1 in the supplemental material), using
taxonomic keys known from reference books (52–54). Akinete abundance was estimated for the 14
studied points, i.e., 8 points in pelagic areas and 6 points in littoral areas. Six replicates per sample were
analyzed in this study. Before counting, binding with SYTOX green (Invitrogen, Carlsbad, CA, USA) was
carried out by adding 1 �l of 50 mM SYTOX green to 1 ml of the akinete-containing solution and
incubating the solution for at least 30 min in the dark (29); 2 ml of this solution was then filtered through
an 8-�m mesh (TETP filter; Merck Millipore, Tullagreen, Ireland). Akinetes were counted at a magnification
of �160 with an epifluorescence microscope (Laborlux S; Leica Microsystems GmbH, Wetzlar, Germany),
and 40 fields were counted for each filter. Two series of counts were performed for each filter (19), one
at 546 nm to distinguish intact akinetes still containing chlorophyll pigments and one at 488 nm to
discriminate damaged akinetes with SYTOX green staining.

Akinete germination experiments. The in situ akinete germination corresponds to the germinating
akinetes observed in the surface sediments sampled in April 2015. Extracted akinetes from Lake Aydat
sediment (at P1, P2, P3, and L6) were kept under controlled conditions and observed every 48 h for D.
macrosporum and every 12 h for D. flos-aquae (Fig. 9). Two experiments were performed in order to
follow the germination of the akinetes. The first experiment, over a period of 6 days, was carried out with
four different samples (P1, P2, P3, and L6), sampled at 0, 48, 96, and 144 h. The second experiment was
shorter (72 h), with more closely spaced sampling (0, 12, 24, 36, 48, 60, and 72 h), and was performed
with 2 samples (P2 and L6). In order to collect a sufficient number of akinetes for germination
experiments, these resistant cells were concentrated after extraction, with the Ludox protocol described
above, from 36 ml of sediment per sample. Then, supernatants containing akinetes were filtered through
a 10-�m filter under a pressure of 400 mmHg. The filter was rinsed with distilled water in order to detach
the akinetes. The solution obtained was filtered on first 100-�m and then 50-�m nylon filters, in order
to remove particles such as larger organic and mineral particles and Chroococcales colonies. Finally, the
akinetes were concentrated again during a last filtration with a 10-�m filter, under pressure. Akinetes
were collected from the filter using 2.8 ml of BG11 medium (Sigma-Aldrich). The germination experi-
ments were performed in triplicate for each analyzed sample. Each replicate of 800 �l of BG11 medium
with akinetes was split into cellular culture wells (48-well plate for cellular tissue; VWR, Radnor, PA, USA)
and placed in continuous white light (6 �mol · m�2 · s�1) at 20°C. For each sampling time, 80 �l of
homogenized solution of each replicate was analyzed. These solutions were bound with SYTOX
green under the same conditions as described above. Then, the 80 �l of solution was filtered
through a 47-mm TETP filter and placed on a slide under a cover, and cells were counted by
performing transects of the whole sample (magnification of �200), using an epifluorescence
microscope (Zeiss Axiovert 200 M).

Statistical analyses. The normality of all data and the variance homoscedasticity were evaluated
using Shapiro-Wilk and Levene tests, with PAST (version 3.04) and XLSTAT (version 2015.3.01.19199)
software. If samples did not follow a normal distribution, then they were normalized with a log10 function
(57) and the first two tests were performed again. Estimations of the numbers of D. macrosporum cells
present during the whole blooms were performed by calculating the integrals of cellular kinetics (Fig. 3),
using OriginPro software (version 8.0725). In this way, the total numbers of cells were estimated for each
studied point, for both vegetative cells and akinetes in the water column (Fig. 4). Then, one-way ANOVA,
coupled with the post hoc Tukey’s test with a 5% confidence interval, was performed in order to
determine differences in the numbers of vegetative cells or akinetes, depending on the sampling station
(P1, P2, and P3), for the 2 years covered by the survey (Fig. 4). Student’s t tests were performed for each
studied species in order to highlight differences based on the sampling area and the year of sampling
for akinete distributions in sediments (Table S1).

In order to detect the differences in intact akinete distributions in Lake Aydat sediments,
MANOVA was carried out with R Commander (version 1.6-1). A post hoc Tukey’s test with a 5%
confidence interval was also performed (Fig. 4). Two-way ANOVA with a post hoc Tukey’s test with a
5% confidence interval was also performed with the PAST software, to highlight the significant differ-
ences in in situ akinete germination in April 2015, depending on the species studied and the site location
(littoral versus pelagic areas) (Fig. 8). Maps representing the spatial distribution of akinetes in surface
sediment were produced using Surfer software (version 7.02), using kriging as the gridding method.
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